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•  It  is  possible  to  avoid  voltage  reversal 
in  stacked  MFCs  despite  feed 
imbalance. 

•  We  applied  MPPT  along  with  hybrid 
connectivity  to  prevent  voltage 
reversal. 

•  MPPT  improved  stack  performance 
compared  to  series/parallel  connec¬ 
tivity  alone. 

•  The  strategy  is  transferable  between 
significantly  different  MFC  systems. 
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Microbial  fuel  cells  (MFCs)  are  bioelectrochemical  systems  which  can  degrade  organic  materials  and  are 
increasingly  seen  as  potential  contributors  to  low  carbon  technologies,  particularly  in  energy  recovery 
from  and  treatment  of  wastewaters.  The  theoretical  maximum  open  circuit  voltage  from  MFCs  lies  in  the 
region  of  1.1  V,  but  is  reduced  substantially  by  overvoltage  losses.  Practical  use  of  the  power  requires 
stacking  or  other  means  to  increase  voltage.  Series  stacking  of  MFCs  with  typically  encountered  vari¬ 
ability  in  operating  conditions  and  performance  raises  the  risk  of  cell  reversal,  which  diminishes  overall 
power  performance.  A  novel  strategy  of  MFC  subsystem  series  connectivity  along  with  maximum  power 
point  tracking  (MPPT)  generates  increased  power  from  individual  MFCs  whilst  eliminating  cell  reversal. 
MFCs  fed  with  lower  concentrations  of  substrate  experienced  voltage  reversal  when  connected  in  normal 
series  connection  with  one  common  load,  but  when  MFCs  and  loads  together  were  connected  in  series, 
the  underperforming  cell  is  effectively  bypassed  and  maximum  power  is  made  available.  It  is  concluded 
that  stack  voltage  may  be  increased  and  cell  reversal  avoided  using  the  hybrid  connectivity  along  with 
MPPT.  This  approach  may  be  suitable  for  stacked  MFC  operations  in  the  event  that  large  scale  arrays/ 
modules  are  deployed  in  treating  real  wastewaters. 
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1.  Introduction 

Microbial  fuel  cells  (MFCs)  are  a  promising  technology,  capable 
of  generating  electricity  whilst  degrading/oxidising  organic  sub¬ 
stances  such  as  food  processing  wastes,  at  their  anodes.  Such  COD 
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removal  is  catalysed  by  electrogenic  bacteria,  which  use  the  anode 
as  an  electron  acceptor  and  produce  a  current  flow  with  the  aid  of 
(typically)  an  oxygen  reduction  reaction  at  the  cathode  electrode. 
Although  these  bioelectrochemical  devices  can  develop  theoretical 
open  circuit  voltages  of  1.1  V  (at  NTP,  pH  7  and  acetate  concentra¬ 
tion  of  5  mM)  [1],  the  highest  open  circuit  voltages  achieved  are 
circa  0.8  V.  When  operated  under  load,  MFCs  are  able  to  generate 
working  voltages  of  approximately  0.5  V  [2  . 

The  voltage  generated  from  individual  MFCs  is  insufficient  for 
most  practical  applications  such  as  powering  electronics  or  charging 
batteries,  and  so  they  would  benefit  from  stacking  in  series  to  in¬ 
crease  the  voltage.  Many  researchers  have  stacked  MFCs  in  this  way 
e.g.  Aelterman  et  al.  [3]  stacked  6  individual  MFCs  to  boost  the 
voltage  and  were  able  to  persistently  extract  power.  But  at  high 
current  levels,  towards  the  maximum  power  available  from  the 
MFCs,  the  voltage  from  some  of  the  MFCs  diverged  and  reversed.  This 
cell  reversal  behaviour  has  been  observed  by  several  researchers,  as 
in  the  work  of  Taniguchi  et  al.  [4]  whilst  investigating  proton  ex¬ 
change  membrane  (PEM)  fuel  cells.  They  attributed  the  cause  of  this 
cell  reversal  to  fuel  starvation,  including  during  start-up.  Oh  and 
Logan  5]  confirmed  that  fuel  starvation  could  have  the  same  effect  in 
MFC  systems.  Cell  reversal  should  be  avoided  as  it  causes  serially 
connected  stacks  of  MFCs  to  underperform,  as  power  is  lost  within 
the  stack  in  sustaining  the  voltage  of  the  reversed  cell(s).  When 
serially  wired,  MFCs  should  be  operating  with  similar  and  sufficient 
substrate  concentration,  whilst  having  fully  enriched  electrogenic 
biofilms  on  their  anodes  and  with  active  cathodes,  they  may  thus  be 
expected  to  produce  comparable  electrical  and  ionic  currents  to  each 
other  and  voltage  reversal  should  not  occur  during  the  stack  opera¬ 
tion  6].  An  imbalance  in  the  organic  strength  of  substrate  supplied  to 
stacked  MFC  cells  is  likely  to  occur  in  practice  and  in  circumstances 
where  volumetric  throughput  is  important,  such  as  in  wastewater 
treatment  applications;  it  is  even  more  likely  as  MFCs  will  tend  to  be 
hydraulically  connected  in  series  and  substrate  will  be  progressively 
consumed  as  it  passes  through  the  system  [6-8  . 

Application  of  a  bank  of  capacitors  for  charge  accumulation  from 
MFCs  electrically  connected  in  series  has  allowed  energy  harvesting 
from  MFCs  to  perform  useful  tasks  as  evidenced  in  Ref.  [9].  Kim 
et  al.  [2]  demonstrated  that  cell  reversal  could  be  avoided  by 
providing  a  bank  of  capacitors  arrangement  in  such  a  way  that  they 
would  be  charged  by  MFCs  connected  in  parallel  and  then  dis¬ 
charged  simultaneously  in  series  across  a  load.  However,  the 
impedance  of  an  MFC  varies  with  changes  in  substrate  concentra¬ 
tion,  operating  temperature,  buffer  concentration,  pH,  biofilm 
ecology  and  structure,  all  of  which  might  be  expected  to  dynami¬ 
cally  vary  during  reactor  operation  10-12]  e.g.  wastewater  treat¬ 
ment.  The  state  of  the  system  is  therefore  seldom  likely  to  be  static. 
An  MFC  could  be  operated  to  match  its  real-time  impedance  as  in 
Refs.  [13,14  ,  which  could  be  coupled  to  the  charging  and  dis¬ 
charging  of  capacitors  by  suitable  control  of  current  sourcing. 
Therefore,  we  present  a  novel  study  which  seeks  to  determine  if 
controlling  the  current  sourced  from  individual  MFCs  whilst 
simultaneously  connected  in  series  can  avoid  cell  reversal  and 
maximise  the  power  they  generate. 

2.  Materials  and  methods 

2.2.  Tubular  MFC  (t-MFC)  construction  and  operation 

Three  independent  tubular  MFCs  (t-MFCl,  t-MFC2  and  t-MFC3) 
with  approx.  220  mL  anodic  volume  were  constructed  and 
enriched,  as  previously  described  [15]  and  operated  in  a  tempera¬ 
ture  controlled  chamber  at  30  ±  2  °C  with  40  mM  acetate  in  their 
anodes.  Polarisation  curves  were  determined  for  the  t-MFCs  by 
stepwise  reducing  the  electrical  load  from  5  1<Q  to  5  Q  using  a 


resistor  box  and  power  was  normalised  to  the  empty  bed  volume  of 
the  anode. 

When  beginning  each  set  of  experiments,  t-MFCl  and  t-MFC3 
were  provided  with  2  mM  sodium  acetate  as  substrate  whereas  t- 
MFC2  was  fed  0.5  mM  sodium  acetate  unless  otherwise  specified,  to 
instigate  substrate  imbalance,  which  is  plausible  in  practice.  Substrate 
was  provided  with  50  mM  phosphate  buffer  and  nutrients  as  previ¬ 
ously  described  [15].  All  t-MFCs  were  operated  in  batch  mode  at 
ambient  temperatures  of  30  ±  2  °C  according  to  the  experimental  set¬ 
up  elaborated  below  and  until  the  substrate  was  apparently  depleted. 

CASE-1 :  The  MFCs  were  connected  in  series,  connecting  anodes 
to  cathodes.  The  stack  of  MFCs  was  connected  to  a  static  load  of 
150  Q  as  shown  in  Fig.  la. 

CASE-2:  Each  MFC  was  connected  to  the  maximum  power  point 
load  of  50  Q  (static)  determined  a  priori  using  power  curves 
(power  vs.  current).  The  MFCs  and  associated  loads  were  then 
connected  in  series  as  shown  in  Fig.  lb.  During  CASE-1  and 
CASE-2  experiments,  the  voltage  drop  across  the  individual  MFC 
loads  and  the  stack  voltage  was  sampled  at  30  s  intervals  using  a 
PC  equipped  with  LabVIEW™  and  NI  USB-6218  (National  In¬ 
struments,  Newbury,  UK). 

CASE-3:  As  shown  in  Fig.  lc,  each  MFC  was  connected  to  a 
maximum  power  point  tracking  (MPPT)  device  which 
controlled  the  current  sourced  from  each  MFC.  Boolean  logic 
based  hill  climbing  control  16]  was  implemented  by  varying  the 
load  in  response  to  the  gradient  of  the  power  curve  and  of  its 
rate  of  change.  Additionally,  logic  increased  the  load  in  steps  if 
(conditional)  MFC  voltage  <  0.1  V.  A  digital  potentiometer 
(Intersil®  X9C102,  Farnell  UK  Ltd.,  Leeds)  was  used  as  the  load  to 
control  the  current  via  a  PC  equipped  with  LabVIEW™  and  NI 
USB-6218.  The  implementation  of  the  LabVIEW™  algorithm  is 
presented  in  Supplementary  information  SI.  The  current 
sourced  from  the  MFCs  was  regulated  using  digital  potentiom¬ 
eters  and  thus  actuated  the  MPPT.  The  voltage  drops  across 
these  potentiometric  loads  and  across  the  entire  stack  were 
digitally  sampled  at  intervals  of  150  s. 


2.2.  Small-scale  MFCs  (s-MFCs)  construction  and  operation 

The  small  6.25  mL  MFCs  (Fig.  5),  are  of  a  well-established  MFC 
design  in  the  literature  [17  and  were  first  introduced  in  the  EcoBot- 
III  project.  It  is  built  entirely  from  Nanocure  RC25  terracotta  resin. 
The  internal  volume  of  the  anode  is  6.25  mL  with  a  projected  sur¬ 
face  area  of  20  mm  x  30  mm  and  the  cathode  is  open-to-air.  s-MFCs 
were  operated  at  ambient  temperature  (22  ±  3  °C)  and  supplied 
with  fresh  urine.  Polarisation  curves  were  determined  for  the  s- 
MFCs  in  a  similar  manner  to  that  for  the  t-MFCs,  with  loads  ranging 
from  30  kQ  to  4  Cl 

s-MFCl  and  S-MFC3  were  fed  with  neat  urine  (as  organic  sub¬ 
strate)  and  S-MFC2  was  provided  with  1:1  diluted  urine  with 
distilled  water.  s-MFCs  were  connected  in  the  same  configuration 
as  the  experiments  employing  t-MFCs.  However,  in  CASE-1  a  static 
load  of  8  1<Q  was  used  to  match  the  overall  internal  resistance  of  the 
s-MFCs;  In  CASE-2,  static  loads  of  2  kQ  were  used  for  s-MFCl  and  s- 
MFC3,  and  4  1<Q  static  load  for  S-MFC2  and;  In  CASE-3,  a  digital 
potentiometer  (Intersil®  X9C103,  Farnell  UK  Ltd.,  Leeds)  was  used 
such  that  it  suited  the  range  of  current  evident  from  the  power 
curve  obtained  from  the  s-MFCs. 

2.3.  Prolonged  voltage  reversal  and  its  effect  on  biofilms/ecology 

Acetate  concentrations  of  0.5  mM  (t-MFCl),  0.5  mM  (t-MFC2) 
and  2  mM  (t-MFC3)  were  respectively  fed  in  batch  to  each  of  the  t- 
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Load  Load  1  Load  2  Load  3  MPPT  1  MPPT  2  MPPT  3 


MFC1  MFC2  MFC3  MFC1  MFC2  MFC3  MFC1  MFC2  MFC3 


(a)  (b)  (c) 

Fig.  1.  (a)  MFCs  connected  in  series  across  an  overall  load  of  150  Cl  (unless  otherwise  specified)  to  match  the  collective  internal  resistance,  CASE-1,  (b)  MFCs  connected  to  the  loads 
individually,  matching  their  individual  internal  resistances,  CASE-2;  and  (c)  connected  to  MPPTs  individually  which  are  then  connected  in  series,  CASE-3. 


MFCs,  which  were  connected  separately  to  a  static  load  of  70  Q  until 
the  substrate  was  depleted.  The  results  were  considered  as  a  con¬ 
trol  experiment  for  this  paper.  It  can  be  noted  that  the  individual 
maximum  power  points  of  all  t-MFCs  had  shifted  from  50  Q  to  70  Q 
by  this  time.  To  investigate  the  effect  of  prolonged  voltage  reversal 
on  the  anodic  biofilm,  the  t-MFCs  were  given  the  same  concen¬ 
trations  of  acetate  as  previously  and  they  were  electrically  con¬ 
nected  in  series  with  an  overall  stack  load  of  210  Q  to  match  the 
combined  internal  impedances  of  the  three  t-MFCs.  Liquid  and 


biofilm  samples  were  collected  when  the  substrate  was  added  and 
when  the  substrate  had  depleted. 

2.4.  Ecological  analysis  of  the  anodic  biofilm 

Biofilms  were  analysed  at  the  start  and  end  of  the  prolonged 
voltage  reversal  experiment  after  the  t-MFC2  reactor  was  observed 
to  have  undergone  cell  reversal  in  CASE-1.  The  influence  of  cell 
reversal  on  the  anodic  microbial  ecology  was  then  investigated. 


Fig.  2.  (a)  Voltage  across  70  O  loads  that  were  connected  to  t-MFCs  which  were  electrically  independent,  as  a  control  with  t-MFCl,  t-MFC2  and  t-MFC3  fed  with  0.5  mM,  0.5  mM  and 
2  mM  Sodium  acetate  respectively.  Voltages  across  MFCs  in  series  and  overall  stack  voltage  across  an  overall  static  load  as  in  CASE-1  for  (b)  t-MFCs  with  stack  load  of  150  0;  and  (c) 
s-MFCs  with  stack  load  of  8  1<Q  and  (d)  t-MFCs  with  stack  load  of  210  CL 
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Fig.  3.  Voltage  across  static  loads  on  individual  MFCs  and  overall  stack  voltage  as  in  CASE-2  for  (a)  t-MFCs;  and  (b)  s-MFCs. 


Biofilm  samples  were  collected  by  aseptically  cutting  a  1  cm2 
square  portion  of  the  carbon  veil  anode,  the  samples  were  then 
stored  at  -80  °C  before  processing. 

The  PCR  Amplification  of  rDNA  (16S  rDNA)  was  performed  as 
previously  described  [18]  using  the  Universal  bacterial  primers 
0109F-T  and  0515R-GC  (forward  primer  5'-CGC  CCG  GGG  CGC  GCC 
CCG  GGC  GGG  GCG  GGG  GCA  CGG  GGG  G  ATC  GTATTA  CCG  CGG  CTG 
CTG  GCA  C-3'  and  reverse  primer  5'-ACT  GCT  CAG  TAA  CAC  GT-3' ).  A 


D-Count  system  (Bio-Rad,  Hercules,  CA,  USA)  was  used  to  carry  out 
the  DGGE  analysis  using  20%-80%  denaturing  gradient  (100% 
denaturant  consisting  of  7  M  urea  and  40%  (v/v)  formamide)  in  the 
8%  (w/v)  polyacrylamide  gels.  Microbial  ecological  analysis  of  the 
DGGE  gels  was  carried  out  using  GelCompar  II  software  (Applied 
Maths,  Belgium).  Hierarchical  clustering  analysis  utilized  the  Dice 
Index  of  Similarity  method  as  a  band  based  nearest-neighbour  cor¬ 
relation  and  UPGMA  (average  linking  method). 
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Fig.  4.  Voltage  across  MPPT  loads  on  individual  MFCs  and  overall  stack  voltage  as  in  CASE-3  for  (a)  t-MFCs;  and  (b)  s-MFCs. 
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Jaccard  (Tol  5.0%-5.0%)  (H>0.0%  S>0.0%)  [0.0%-100.0%] 
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Fig.  5.  DGGE  bacterial  community  profiles  from  t-MFCl,  t-MFC2  and  t-MFC3.  Cluster  analysis  was  carried  out  using  the  Jaccard  coefficient  of  similarity  measurement. 


3.  Results 

The  results  obtained  from  experiments  CASE-1,  CASE-2  and 
CASE-3  are  shown  in  Figs.  2-4  ,  respectively.  Since,  these  experi¬ 
ments  (CASE-1,  CASE-2  and  CASE-3)  were  carried  out  on  two 
different  MFC  systems  with  differences  in  scale  (anodic  volumes  of 
220  mL  vs.  6.25  mL)  and  substrate  (acetate  vs.  urine),  the  experi¬ 
ment  was  demonstrated  to  be  transferable  and  showed  that  similar 
trends  in  results  were  observable.  Duplicated  results  from  t-MFCs 
and  s-MFCs  for  each  of  CASE-1,  CASE-2  and  CASE-3  are  presented  in 
Supplementary  information  S2,  from  which  it  can  be  seen  that  the 
general  trend  is  maintained,  hence  leading  to  similar  conclusions. 

3  A.  MFC  power  generation 

The  maximum  power  levels  determined  from  power  curves 
derived  from  t-MFCl,  t-MFC2  and  t-MFC3  were  4.0,  4.0  and 
4.6  W  m“3  (anodic  volume),  respectively;  all  occurred  at  50  Q 
external  load  (40  mM  sodium  acetate)  before  executing  CASE-1, 
CASE-2  and  CASE-3  experiments,  but  subsequently  increased  to 
70  Q. 

Similarly,  the  s-MFCs  were  tested  according  to  CASE-1,  CASE-2 
and  CASE-3  and  the  maximum  power  levels  from  s-MFCl,  S-MFC2 
and  S-MFC3  were  determined  to  be  7.7,  4.6  and  8.4  W  m  3  (anodic 
volume)  and  occurred  at  external  loads  of  2  kQ,  4  kQ  and  2  kQ, 
respectively. 

3.2.  MFC  voltage  reversal 

Fig.  2a  shows  that  after  the  addition  of  substrate,  the  t-MFCs  can 
be  seen  to  respond  as  the  voltage  develops  to  a  steady-state  value, 
up  until  the  substrate  starts  to  deplete  and  the  voltage  can  be 
observed  to  decay.  As  shown  in  Fig.  2b,  after  the  addition  of  sub¬ 
strate  to  the  anode  according  to  CASE-1,  t-MFC3  started-up  and  the 
voltage  developed  to  0.5  V  within  5  h.  However,  the  voltage  of  t- 
MFC2  reversed  as  a  result  of  the  lower  substrate  concentration,  t- 
MFC1  started-up  less  rapidly,  resulting  in  a  stack  voltage  of  <0.1  V. 
After  9  h,  t-MFCl  developed  a  positive  cell  voltage,  recovering  fully 
after  20  h,  but  t-MFC2  was  severely  affected,  causing  a  cell  reversal 
voltage  of  -0.7  V. 

The  s-MFCs  responded  similarly  to  the  addition  of  substrate  very 
rapidly  and  developed  voltages  as  per  their  normal  performance 
(Fig.  2c).  However,  the  voltage  of  s-MFCl  reversed  after  1  day  of 
operation  in  series,  recovering  on  day  3  and  at  the  same  time  s- 
MFC3  reversed  indicating  a  cell  voltage  of  -0.3  V  by  day  5.5  approx. 
Duplicate  results  presented  in  Supplementary  information  S2, 
show  reversal  and  similar  voltage  trends  when  considered  within 
the  context  of  microbially  catalysed  systems. 

Fig.  2d  shows  the  voltage  levels  across  the  t-MFCs,  where  t- 
MFC1  and  t-MFC2  were  fed  lower  concentrations  (0.5  mM)  of 
substrate  than  t-MFC3  (2  mM)  and  the  overall  stack  external  load 
was  210  Q.  The  stack  was  subsequently  left  in  this  condition  for  a 
significantly  extended  period  (9  days  in  comparison  to  1  day 
approx)  in  order  to  provide  sufficient  time  to  discern  the  effects  of 
voltage  reversal  on  the  biofilm.  It  can  be  seen  that  the  voltage 
remained  reversed  in  t-MFCl  for  the  whole  9  day  duration.  The 


temporal  development  of  the  voltage  of  t-MFCl  can  be  seen  to 
correlate  with  and  reflect  that  of  t-MFC2  up  to  day  4.2  in  Fig.  2d,  and 
then  appeared  to  reflect  the  trajectory  of  t-MFC3  up  to  day  9. 
However,  the  overall  stack  voltage  remained  below  0.1  V  for  most  of 
the  9  days  presented  in  Fig.  2d. 

Notably,  in  CASE-2  (Fig.  3a)  it  can  be  seen  that  none  of  the  MFCs 
exhibited  cell  reversal,  despite  t-MFCl  and  t-MFC3  being  able  to 
generate  only  circa  0.15  V  t-MFC2  was  evidently  not  able  to  start, 
generating  a  maximum  stack  voltage  of  circa  0.3  V  only.  As  in  CASE- 
2,  when  s-MFCs  were  connected  to  their  respective  loads,  the 
voltage  drop  across  the  load  was  0.4  V  immediately,  but  it  dropped 
to  approx.  0.2  V  by  hour  12,  continuing  to  gradually  decrease  until 
day  7  as  the  substrate  depleted  (Fig.  3b). 

In  CASE-3,  the  initial  electrical  MPPT  loads  for  all  t-MFCs  and  s- 
MFCs  were  selected  to  be  500  Q  (Fig.  4a)  and  4.7  kQ,  respectively. 
The  MPPT  system  was  able  to  track  the  maximum  power  point  from 
measures  of  the  MFCs'  individual  voltages.  All  three  t-MFCs  were 
able  to  start-up  within  2  h  and  generated  individual  voltages  be¬ 
tween  0.3  and  0.4  V;  with  overall  stack  voltages  of  up  to  1.1  V  over 
this  period  as  seen  from  Fig.  4a.  However,  t-MFC2's  voltage  started 
dropping,  resulting  in  an  increased  external  load  being  applied  by 
the  MPPT  control  strategy,  in  order  to  avoid  reversal  of  cell  voltage. 
This  was  also  observed  in  t-MFCl  and  t-MFC3  when  substrate 
depletion  became  evident.  Also,  in  the  case  of  s-MFCs  (Fig.  4b),  the 
MPPT  loads  tracked  the  maximum  power  and  the  individual  volt¬ 
ages  were  approximately  0.1  V  before  substrate  depletion  became  a 
dominant  factor.  Lack  of  substrate  is  evidenced  through  the  drop¬ 
ping  cell  voltage  and  increasing  external  load  where  t-MFC2  load 
and  S-MFC2  load  started  increasing  first  as  compared  to  the  MFC1 
and  MFC3  reactors,  confirming  comparatively  less  substrate  was 
available  in  t-MFC2  and  S-MFC2.  The  data  shown  in  Figs.  3b  and  4b 
have  been  reduced  by  re-sampling  at  15  min  intervals  for  the  sake 
of  presentation  clarity.  However,  the  procedure  did  not  alter  the 
information  content  of  the  data  in  respect  of  the  observations  and 
conclusions  drawn.  Electrical  current  and  power  are  omitted  for 
clarity  in  favour  of  voltage,  but  may  be  determined  from  the  elec¬ 
trical  loads  and  voltages.  However,  current  and  power  generation 
from  t-MFCs  and  s-MFCs  are  shown  for  the  duplicate  results  in 
Supplementary  information  S2  for  CASE-1,  CASE-2  and  CASE-3. 

3.3.  Cluster  analysis  for  anodic  biofilm 

The  effect  on  microbial  ecology  of  the  reactor  configuration  and 
connectivity  in  CASE-1  was  examined  using  DGGE  analysis  (Fig.  5). 
Operating  the  reactors  while  electrically  connected  in  series 
resulted  in  a  reversal  of  t-MFC2's  cell  voltage  (Fig.  2a)  and  t-MFCl 
(Fig.  2d).  Prior  to  this  voltage  reversal,  Cluster  analysis  showed  that 
all  3  reactors  had  similarity  scores  of  >90%.  After  the  voltage 
reversal,  it  was  found  that  only  t-MFCl  and  t-MFC3  reactors  had  a 
similarity  score  of  92.3%,  with  the  score  of  t-MFC2  reducing  to 
83.3%. 

4.  Discussion 

Fig.  2a  shows  voltage  profiles  generated  by  different  concen¬ 
trations  of  acetate,  i.e.  0.5  mM  and  2  mM.  The  acetate 
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concentrations  used  in  the  experimentation  reported  in  this  study 
were  at  sufficiently  high  level  to  produce  power  from  the  MFC(s) 
fed  with  2  mM  concentration,  whilst  there  is  a  decline  in  power 
from  MFC(s)  fed  with  lower  (0.5  mM)  concentration  (as  seen  from 
the  voltage  plot  in  Fig.  2a,  after  2.5  h),  operating  in  the  stack.  The 
reversal  of  cell  voltage  observed  in  CASE1  (Fig.  2b-d)  is  expected 
and  in  agreement  with  studies  by  others  [3,5].  This  is  potentially  a 
significant  barrier  in  MFC  stack  operation. 

4.2.  Mechanism  of  voltage  reversal 

CASE-1,  CASE-2  and  CASE-3  scenarios  were  found  to  apply 
equally  to  both  tubular  and  small-scale  MFCs.  However  as  an 
example,  the  tubular  MFC1,  MFC2  and  MFC3  may  be  considered 
when  supplied  with  2  mM,  0.5  mM  and  2  mM  concentrations  of 
acetate  respectively.  The  voltage  reversal  phenomenon  has  been 
previously  described  in  Ref.  [10]  by  using  hydraulics  as  an  analogy. 
Nevertheless,  voltage  reversal  may  be  considered  in  the  context  of 
the  tubular  MFC1, 2  and  3  and  the  cases  applied  to  them.  Anode  and 
cathode  connections  are  identified  as  Al,  A2  and  A3  and  Cl,  C2,  C3, 
respectively  (Fig.  1).  In  CASE-1,  when  insufficient  substrate  is 
available  to  generate  electric  current  from  A2,  its  voltage  will  as¬ 
sume  that  of  C3,  to  which  it  is  connected.  Cationic  current  in  MFC2 
will  also  be  minimal  compared  to  other  MFCs  in  the  stack.  The 
cathodic  reaction  in  MFC2  will  then  also  largely  cease.  C2  will  hence 
be  unable  to  sink  current  from  Al  and  will  assume  the  voltage  of  Al. 
This  will  result  in  a  reversal  in  voltages  across  MFC2  (A2  and  C2). 
MFC2  thus  becomes  a  parasitic  internal  load,  through  which  cur¬ 
rent  must  pass  from  Al  to  C3.  The  stack  voltage  will  be  lowered  as  a 
consequence  and  this  is  clearly  seen  in  Fig.  2b  and  c.  Also,  when 
70  Q  is  connected  to  individual  t-MFCs,  they  do  not  produce  more 
than  0.3  V  (Fig.  2a)  and  a  voltage  level  of  more  than  0.4  V  and  0.5  V 
is  produced  when  they  are  connected  to  a  load  of  1  kQ  and  5  1<Q, 
respectively  (evident  from  power  curve  presented  in  the 
Supplementary  information  S2).  The  voltage  of  t-MFC3  in  Fig.  2b 
and  d  appear  on  occasions  to  approach  0.5  V  and  0.6  V  the  point 
where  comparatively  low  current  is  flowing  through  an  overall 
stack  load  of  150  Cl  (evidenced  by  a  voltage  drop  across  150  Q  of 
<0.1  V).  This  indicates  that  t-MFC2,  unable  to  provide  current,  be¬ 
comes  a  very  high  parasitic  load  in  the  circuit.  A  similar  effect  is 
evident  in  s-MFCl  in  Fig.  2c. 

4.2.  Avoiding  voltage  reversal 

In  CASE-2  and  CASE-3,  the  individual  MFCs  with  their  individual 
loads  are  subsequently  connected  in  series,  which  appears  as 
bridging  throughout  the  whole  stack  (Fig.  lb  and  c).  When  A2  stops 
producing  current,  the  electrons  used  in  the  reduction  of  C3  can 
come  through  the  external  load  of  MFC3  (and/or  MFC2)  and  simi¬ 
larly  when  the  cathodic  reaction  in  MFC2  is  seriously  restricted  by 
lack  of  cations,  the  electrons  generated  at  Al  can  reach  Cl  and  C3 
via  external  loads.  So,  in  this  way,  the  underperforming  MFC  can  be 
by-passed  with  minimal  diminution  of  the  performance  of  the 
whole  stack.  This  can  be  seen  in  Figs.  3  and  4  from  the  fact  that  none 
of  the  MFCs  (t-MFCs  and  s-MFCs)  exhibited  voltage  reversal. 
Furthermore,  the  power  generation  from  t-MFCl  and  t-MFC3  was 
not  affected  by  the  lower  performance  of  t-MFC2  (after  5  h  in 
Fig.  4a)  and  similarly,  S-MFC2  was  also  producing  somewhat  lower 
power  than  the  other  s-MFCs  in  the  stack  but  did  not  affect  their 
performances  (Fig.  3b  and  after  day  5  in  Fig.  4b). 

The  stack  configuration  shown  in  Fig.  3a  resulted  in  no  voltage 
(hence  power)  generation  from  t-MFC2  (Fig.  3),  which  had  been  fed 
with  the  lowest  concentration  of  acetate  (0.5  mM).  Also,  the  very 
low  voltage  generated  from  t-MFCl  and  t-MFC3  with  50  Q  loading 
could  be  due  to  a  higher  internal  resistance  resulting  from  2  mM 


acetate  (as  opposed  to  40  mM  acetate  during  power  curve  mea¬ 
surement).  However,  the  current  sourced  was  not  controlled  as  the 
load  was  fixed  and  so  higher  current  was  demanded,  which  may 
have  rendered  t-MFC2  unable  to  start-up. 

4.3.  Transferability  of  proposed  strategy 

When  the  MFCs  (t-MFCs  and  s-MFCs)  were  connected  to  MPPT, 
the  current  sourced  from  anodophiles  present  in  the  anode,  was 
controlled  to  ensure  the  peak  power  output,  which  would  correlate 
to  maximum  COD  removal.  In  practice,  the  stacking  of  MFCs  is  likely 
to  be  required  and  it  is  desirable  that  each  MFC  operates  at  its 
instantaneous  peak  capacity.  Also,  obstructions  in  the  flow  path¬ 
ways  could  cause  MFCs  to  receive  reduced  or  unbalanced  (cell  to 
cell  in  a  stack)  organic  loading,  which  if  unchecked  could  cause 
temporary  or  permanent  inactivation  and  cell  reversal.  CASE-3 
demonstrates  that  individual  MFCs  could  be  operated  at  their 
maximum  power  point  (Fig.  4)  and  the  voltage  could  be  boosted 
despite  MFCs,  electrically  connected  in  series,  not  having  identical 
substrate  concentrations;  so  avoiding  cell  reversal.  However, 
appropriate  energy  harvesting  mechanisms  are  required.  The  t- 
MFCs  and  s-MFCs  studied  in  this  paper  are  significantly  different 
from  each  other  in  terms  of  their  architecture,  substrate  (fuel)  type 
and  also  volumetric  scale.  Despite  the  differences,  the  strategy 
presented  here,  along  with  the  MPPT,  was  effective  in  preventing 
cell  reversal  while  extracting  available  maximum  power  in  both 
designs.  It  is  suggested  that  the  control  functionality,  which  would 
require  limited  memory  and  logic  operations,  could  for  example  be 
implemented  in  appropriate  ultra-low  power  microcontrollers, 
with  suitable  power  saving  functionality  to  require  only  small 
proportions  of  the  MFC  generated  power  to  sustain  MPPT  opera¬ 
tions  (e.g.  TI,  MSP430™  series  <100  pA/MHz;  minimum  500  nA  in 
standby  mode;  http;//www.ti.com/lit/sg/slab034x/slab034x.pdf). 

4.4.  Effect  on  microbial  ecology 

The  occurrence  of  substrate  depletion  and  subsequent  fuel  cell 
reversal  had  a  noticeable  effect  on  system  performance  and  this 
was  also  reflected  by  the  change  in  the  anodic  microbial  ecology. 
However,  this  change  was  small  when  compared  to  microbial 
community  changes  reported  by  Lyon  et  al.  [19  ,  although  this  may 
also  reflect  the  fact  that  the  biofilm  in  their  study  had  only  been 
established  for  a  period  of  18  days.  The  t-MFCs  on  which  the 
community  study  was  reported  here  had  been  operating  for  at  least 
2  years.  Hence,  whilst  voltage  reversal  has  an  adverse  effect  on 
power  production  it  does  not  necessarily  result  in  large  permanent 
shifts  in  the  electrogenic  population. 

The  efficacy  of  electrochemically  active  bacterial  activity  was 
also  not  adversely  affected,  as  the  t-MFC2  reactor  that  was  subject 
to  cell  reversal  recovered  full  power  after  20  h  (results  not  shown). 
This  would  suggest  that  the  key  microbial  communities  were  not 
adversely  affected  by  a  reversed  anodic  voltage  and  could  recover 
electrogenic  activity  quickly.  Indeed  it  has  been  reported  that 
electrogenic  biofilms  are  capable  of  bi-directional  flow  20]  and  this 
has  been  utilized  in  rotatable  bioelectrochemical  reactor  systems 
that  undergo  electrode  polarity  inversions. 

Given  that  MFCs  running  at  different  levels  of  substrate  con¬ 
centration  in  their  anode  are  susceptible  to  voltage  reversal  when 
stack  operation  is  considered  and  in  practice,  it  may  be  difficult  to 
distribute  substrate  equally  amongst  cells;  it  is  necessary  to  adopt  a 
strategy  or  device  to  avoid  voltage  reversal  in  MFCs  while  operated 
in  stacks.  The  strategy  presented  here  has  been  shown  to  be 
transferable  between  substantively  different  MFC  designs  and 
substrates  used  and  may  be  suitable  for  application  to  energy 
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harvesting  from  MFCs  implemented  using  low  power  digital 
electronics. 

5.  Conclusions 

Using  power  from  MFCs  deployed  in  practical  systems  will 
require  voltages  to  be  increased  above  cell  voltages,  which  can  be 
achieved  by  stacking  in  series,  but  this  approach  risks  the  occur¬ 
rence  of  cell  voltage  reversals  which  adversely  affect  the  whole 
stack.  The  application  of  MPPT  and  the  connection  strategy  pre¬ 
sented  here  can  increase  stack  voltages  and  avoids  the  reversal  of 
cell  voltage,  whilst  also  applying  a  control  mechanism  that  facili¬ 
tates  peak  power  extraction  from  MFCs  in  real-time.  The  strategy  is 
transferable  between  different  designs  of  MFC  and  with  different 
substrates. 
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